Human EMCs (extraskeletal myxoid chondrosarcomas) are soft tissue tumours characterized by specific chromosomal abnormalities. Recently, a proportion of EMCs were found to harbour a characteristic translocation, t(3;9)(q11-12;q22), involving the TFG (TRK-fused gene) at 3q11-12 and the TEC (translocated in extraskeletal chondrosarcoma) gene at 9q22. The present study used both in vitro and in vivo systems to show that the TFG-TEC protein self-associates, and that this is dependent upon the CC (coiled-coil) domain (amino acids 97-124), the AF1 (activation function 1) domain (amino acids 275-562) and the DBD (DNA-binding domain) (amino acids 563-655). The TFG-TEC protein also associated with a mutant NLS-TFG-TEC (AAAA) protein, which harbours mutations in the NLS (nuclear localization signal). Subcellular localization assays showed that the NLS mutant TFG-TEC (AAAA) protein interfered with the nuclear localization of wild-type TFG-TEC. Most importantly, the mutant protein inhibited TFG-TEC-mediated transcriptional activation in vivo. Thus mutations in the TFG-TEC NLS yield a dominant-negative protein. These results show that the biological functions of the TFG-TEC oncogene can be modulated by a dominant-negative mutant.
INTRODUCTION
Recurrent chromosome translocations are the hallmark of many human cancers, including human EMCs (extraskeletal myxoid chondrosarcomas). Human EMCs are rare soft tissue tumours of uncertain differentiation, with an uncertain histogenetic origin (although they arise primarily in the musculature, most commonly the thigh and knee) [1] [2] [3] . Most human EMCs harbour characteristic translocations, either t(9;22)(q22;q12) or t(9;17)(q22;q11.2), which involve the TEC (translocated in extraskeletal chondrosarcoma) gene at 9q22, and either the EWS (Ewing's sarcoma) gene at 22q12 or the hTAF II 68 (human TATAbinding protein-associated factor II 68) gene at 17q11.2 [1, [3] [4] [5] [6] . Another translocation, t(9;15)(q22;q21), has also been reported, resulting in a TCF12 (transcription factor 12)-TEC fusion gene in human EMCs [7] , although this is much less common.
Recently, a proportion of human EMCs was found to harbour a characteristic translocation, t(3;9)(q11-12;q22), involving the TFG (TRK-fused gene) at 3q11-12 and the TEC gene at 9q22 [8] . TFG was originally identified as a fusion partner for the NTRK1 (neurotrophic tyrosine kinase receptor type 1) gene in human papillary thyroid carcinoma [9] , and is also involved in another chromosome translocation [involving the ALK (anaplastic lymphoma receptor tyrosine kinase) gene] in anaplastic large-cell lymphomas [10] . TFG is located on the q arm of human chromosome 3 and encodes a ubiquitously expressed cytoplasmic protein [9] . The complete TFG cDNA comprises 1677 bp and encodes a protein of 400 amino acids, containing putative functional domains, including the PB1 (Phox and Bem1p) domain, a CC (coiled-coil) domain and a SPYGQ (serine, proline, tyrosine, glycine and glutamine)-rich region [11] . The TFG protein interacts with the NEMO [NF-κB (nuclear factor κB) essential modulator] and TANK [TRAF (tumournecrosis-factor-receptor-associated factor)-associated NF-κB activator] proteins, suggesting that it may play a key role in NF-κB regulation [12] . Interestingly, primary structure analysis of the TFG protein reveals multiple myristylation sites, indicating that it may localize to the cell membrane [11] . However, the biological role of the TFG gene in normal cells is largely unknown.
TEC is the human homologue of rat Nor-1 (neuron-derived orphan receptor 1) [13] , and is also known as CHN [1] and MINOR [14] . It was first isolated from primary cultures of apoptotic rat forebrain neurons [13] and encodes a novel orphan nuclear receptor belonging to the steroid/thyroid receptor gene superfamily [1, 3] . It was also identified as a fusion partner for the EWS gene in human EMCs [3] . The TEC gene is located at 9q22 [15] , spans ∼ 40 kb, and contains eight exons, of which exons 1 and 2 correspond to the 5 -untranslated sequence of the mature TEC mRNA [15] . Although the biological role of TEC remains unknown, reports indicate that the constitutive expression of TEC induces massive cell death in thymocytes [16] , suggesting that it may play a role in cell proliferation by regulating its downstream target genes.
The present study shows that the TFG-TEC oncogene product can self-associate, and that the responsible regions map to the CC (amino acids 97-124), AF1 (activation function 1; amino acids 275-562) and DBD (DNA-binding domain) (amino acids 563-655) regions. Mutations in the TFG-TEC NLS (nuclear localization signal) (K 612 RRR 615 ) yielded a protein that was unable to localize to the nucleus, but was still able to associate with wild-type TFG-TEC. Interestingly, the NLS mutant TFG-TEC (AAAA) protein interfered with the nuclear localization of wild-type TFG-TEC. In addition, co-expression of the NLS mutant TFG-TEC (AAAA) in vivo inhibited TFG-TEC-mediated transcriptional activation, suggesting that it acts in a dominantnegative manner. Taken together, these data suggest that the biological activity of TFG-TEC can be modulated by the NLS mutant TFG-TEC (AAAA) protein. Because the TFG-TEC gene is thought to play a critical role in the formation of some human EMCs by modulating the transcription of specific TEC target genes required for tumorigenesis, the results of the present study may help to identify new therapeutic targets for the treatment of human EMCs harbouring the TFG-TEC fusion.
MATERIALS AND METHODS

Materials and general methods
Restriction endonucleases, calf intestinal alkaline phosphatase, the Klenow fragment of DNA polymerase I and T4 DNA ligase were purchased from New England Biolabs. PfuTurbo polymerase was purchased from Stratagene, and [γ -
32 P]ATP (3000 Ci/mmol) was obtained from PerkinElmer Life Sciences. The preparation of plasmid DNA, restriction enzyme digestion, agarose gel electrophoresis, DNA ligation, bacterial transformations and SDS/PAGE were performed using standard methods [17] . Sub-clones generated from the PCR products were sequenced using the chain termination method and doublestranded DNA templates to ensure the absence of mutations.
Constructs
The plasmid pEF-BOS/GST has been described previously [18] . To generate pEF-BOS/GST-TFG-TEC, pCMV-Tag2A/TFG-TEC [19] was digested with NotI and the digested fragment was cloned into the same site of pEF-BOS/GST. To construct pcDNA4-HisMaxA/TFG-TEC, pCMV-Tag2A/TFG-TEC was digested with NotI and the digested fragment was cloned into the same site of pcDNA4-HisMaxA (Invitrogen). To generate pcDNA4-HisMaxA/TFG (NTD), pCMV-Tag2A/TFG (NTD) [19] was digested with NotI and the digested fragment was cloned into the same site of pcDNA4-HisMaxA. To construct pcDNA4-HisMaxA/TEC, pCMV-Tag2A/TEC [20] was digested with NotI and the digested fragment was cloned into the same site of pcDNA4-HisMaxA. To construct pcDNA4-HisMaxA/TFG-TEC (AAAA), pCMV-Tag2A/TFG-TEC (AAAA) was digested with XhoI, and the XhoI(AAAA)XhoI fragment was isolated. This fragment was cloned then into the same site of pcDNA4-HisMaxA/TFG-TEC to introduce the (KRRR᭛AAAA) mutation into the NLS.
The GST-TFG-TEC deletion mutants were generated as follows. (i) GST-TFG [NTD (N-terminal domain)]: the TFG (NTD) fragment was amplified from pCMV-Tag2A/TFG-TEC by PCR using the primers 5 -TFGTEC_aa1_BamHI (5 -GATC-GGATCCATGAACGGACAGTTGGAT-3 , BamHI site underlined) and 3 -TFGTEC_aa274_NotI (5 -GATCGCGGCCGCTC-AATCTGAATACTGAATACC-3 , NotI site underlined), digested with BamHI and NotI, and cloned into the corresponding sites of the pGEX (4T-1) vector (GE Healthcare) to generate GST-TFG (NTD). (ii) GST-TEC: the TEC fragment was amplified from pCMV-Tag2A/TFG-TEC by PCR using the primers 5 -TFGTEC_aa275_BamHI (5 -GATCGGATCCATGCCCTGCGT-CCAAGCC-3 , BamHI site underlined) and 3 -TFGTEC_aa900_ NotI (5 -GATCGCGGCCGCTTAGAAAGGTAGGGTGTC-3 , NotI site underlined), digested with BamHI and NotI, and cloned into the corresponding sites of the pGEX (4T-1) vector to generate GST-TEC. (iii) GST-PB1: the PB1 fragment was amplified from pCMV-Tag2A/TFG-TEC by PCR using the primers 5 -TFGTEC_PB1_BamHI (5 -GATCGGATCCATGAA-CGGACAGTTGGAT-3 , BamHI site underlined) and 3 -TFGTEC_PB1_NotI (5 -GATCGCGGCCGCTCAGGGTCTTG-GCTGGCCATT-3 , NotI site underlined), digested with BamHI and NotI, and cloned into the corresponding sites of pGEX (4T-1) to generate GST-PB1. (iv) GST-CC: the CC fragment was amplified from pCMV-Tag2A/TFG-TEC by PCR using the primers 5 -TFGTEC_CC_BamHI (5 -GATCGGATCCCTTGA-ATCAAGTCAGGTG-3 , BamHI site underlined) and 3 -TFGTEC_CC_NotI (5 -GATCGCGGCCGCTTCCAAGCTATC-CAATAA-3 , NotI site underlined), digested with BamHI and NotI, and cloned into the corresponding sites of pGEX (4T-1) to generate GST-CC. (v) GST-SPYGQ: the SPYGQ fragment was amplified from pCMV-Tag2A/TFG-TEC by PCR using the primers 5 -TFGTEC_SPYGQ_BamHI (5 -GATCGGATCCCCA-CCTGGAGAACCAGGA-3 , BamHI site underlined) and 3 -TFGTEC_SPYGQ_NotI (5 -GATCGCGGCCGCTCAATCTGA-ATACTGAATACC-3 , NotI site underlined), digested with BamHI and NotI, and cloned into the corresponding sites of pGEX (4T-1) to generate GST-SPYGQ. (vi) GST-AF1: the AF1 fragment was amplified from pCMV-Tag2A/TFG-TEC by PCR using the primers 5 -TFGTEC_AF1_BamHI (5 -GATCGGAT-CCATGCCCTGCGTCCAAGCC-3 , BamHI site underlined) and 3 -TFGTEC_AF1_NotI (5 -GATCGCGGCCGCTCAGCCA-GACGACGAGCTCCT-3 , NotI site underlined), digested with BamHI and NotI, and cloned into the corresponding sites of pGEX (4T-1) to generate GST-AF1. (vii) GST-DBD: the DBD fragment was amplified from pCMV-Tag2A/TFG-TEC by PCR using the primers 5 -TFGTEC_DBD_BamHI (5 -GATCGGATCCGAGG-GCACGTGTGCCGTG-3 , BamHI site underlined) and 3 -TFGTEC_DBD_NotI (5 -GATCGCGGCCGCTCATGGGCTC-TTTGGTTTGGA-3 , NotI site underlined), digested with BamHI and NotI, and cloned into the corresponding sites of pGEX (4T-1) to generate GST-DBD. (viii) GST-LBD (ligand-binding domain): the LBD fragment was amplified from pCMV-Tag2A/TFG-TEC by PCR using the primers 5 -TFGTEC_LBD_BamHI (5 -GATCGGATCCTTACAACAGGA-ACCTTCT-3 , BamHI site underlined) and 3 -TFGTEC_LBD_ NotI (5 -GATCGCGGCCGCTCAAGACACCAAGTCTTCCA-G-3 , NotI site underlined), digested with BamHI and NotI, and cloned into the corresponding sites of pGEX (4T-1) to generate GST-LBD. (ix) GST-AF2: a double-stranded oligomeric AF2 DNA fragment was generated by annealing using the following primer pairs: 5 -TFGTEC_AF2 (5 -pGATCCCCACCTTCCATC-ATTGACAAGCTCTTCCTGGACACCCTACCTTTCTAAGC-3 ) and 3 -TFGTEC_AF2 (5 -pGGCCGCTTAGAAAGGTAGGG-TGTCCAGGAAGAGCTTGTCAATGATGGAAGGTGGG-3 ). The AF2 DNA fragment was then inserted into the BamHI/NotI sites of the pGEX (4T-1) vector to generate GST-AF2. (x) GST-DBD (AAAA): the DBD (AAAA) fragment was amplified from pcDNA4-HisMaxA/TFG-TEC (AAAA) by PCR using the primers 5 -TFGTEC_DBD_BamHI and 3 -TFGTEC_DBD_NotI, digested with BamHI and NotI, and cloned into the corresponding sites of pGEX (4T-1) to generate GST-DBD (AAAA).
The plasmids pcDNA3/EGFP and pcDNA3/EGFP-TFG-TEC have been described previously [19] . To generate pcDNA3-mCherry, an mCherry gene was PCR-amplified from pmCherry-N1 (Clontech), using primers 5-HindIIImCherry (5 -GATC-AAGCTTATGGTGAGCAAGGGCGAG-3 ; HindIII site underlined) and 3 -BamHImCherry (5 -GATCGGATCCGCTTA-CTTGTACAGCTCGTC-3 , BamHI site underlined). The PCR product was then digested with HindIII and BamHI and cloned into the same sites in pcDNA3 to generate pcDNA3-mCherry. To construct pcDNA3/mCherry-TFG-TEC, an mCherry (NoStop) fragment was PCR-amplified from pmCherry-N1 using primers 5 -HindIIImCherry and 3 -BamHImCherry(NoStop) (5 -GATCGGATCCGCCTTGTACAGCTCGTC-3 ; BamHI site underlined). The PCR product was then digested with HindIII and BamHI and cloned into the same sites in pcDNA3 to generate pcDNA3-mCherry(NoStop). pcDNA4-HisMaxA/TFG-TEC (AAAA) was digested with BamHI and NotI to isolate the TFG-TEC (AAAA) fragment, which was then cloned into the corresponding site in pcDNA3-mCherry(NoStop) to generate pcDNA3/mCherry-TFG-TEC (AAAA). To construct pcDNA4-HisMaxB/TFG-TEC, pCMV-Tag2A/TFG-TEC was digested with BamHI and the digested fragment was cloned into the same site of pcDNA4-HisMaxB (Invitrogen).
Purification of GST-fusion proteins, GST pull-down assays and Western blot analysis
GST-TFG-TEC mutant proteins were expressed in Escherichia coli as described previously [21] . After binding to glutathioneSepharose and washing, the proteins were eluted with reduced glutathione (Sigma). Protein concentrations were determined using the Bio-Rad protein assay, which is based on the Bradford method. The purity and size of the eluted proteins were evaluated by Coomassie Blue staining of SDS/PAGE gels. GST pulldown assays were performed as described previously [22] . Western blot analysis was performed using anti-GST (B-14, Santa Cruz Biotechnology) or anti-Xpress (Invitrogen) antibodies, and reactive bands were detected by chemiluminescence using Western Lightening (PerkinElmer Life Sciences). 
Reporter gene assays
Cells were transiently transfected with plasmids using the VivaMagic or PolyExpress Transfection Reagents and luciferase assays were performed using the Dual-luciferase Assay System (Promega). Renilla luciferase activity was used to normalize the transfection efficiency.
RT (reverse transcription)-PCR and quantitative real-time PCR
EGFP-positive and mCherry-positive transfected cells were isolated by FACS. Total RNAs were extracted from FACSisolated population of HEK-293T and C28/I2 cells using TRIzol ® reagent (Life Technologies) in accordance with the manufacturer's protocol. The RNAs were reverse-transcribed with an oligo(dT) primer using the SuperScript First-strand Synthesis System for RT-PCR (Life Technologies) to generate the first-strand cDNAs, followed by PCR to detect the expression of Stat3 (signal transducer and activator of transcription 3), Eno3 (enolase 3), Socs2 (suppressor of cytokine signalling 2) and β-actin. The PCR primer sequences were: 5 -TTGCCAGTTGTGGTGATC-3 and 5 -AGAACCCAGAAGGA-GAAGC-3 for Stat3; 5 -GAAGAAGGCCTGCAACTGT-3 and 5 -ACTTGCGTCCAGCAAAGATT-3 for Eno3; 5 -CTCGGTC-AGACAGGATGGTA-3 and 5 -ACAGAGATGCTGCAGAGA-TG-3 for Socs2; and 5 -GCTCGTCGTCGACAACGGCTC-3 and 5 -CAAACATGATCTGGGTCATCTTCTC-3 for β-actin. The reaction products were separated on 2 % agarose gels and stained with ethidium bromide.
Quantitative real-time PCR was performed using an Applied Biosystems 7500 Fast real-time PCR system and SYBR Green Master Mix (Applied Biosystems) according to the manufacturer's instructions. As a control, the level of HPRT (hypoxanthine-guanine phosphoribosyltransferase) mRNA was determined by quantitative real-time PCR of each RNA sample and used to correct for experimental variation. The following primer sequences were used: 5 -GCCCCGTACCTGAAGACCA-3 and 5 -GACATCGGCAGGTCAATGG-3 for Stat3; 5 -GA-AGAAGGCCTGCAACTGT-3 and 5 -ACTTGCGTCCAGCA-AAGATT-3 for Eno3; 5 -GGATGGTACTGGGGAAGTATGA-CTG-3 and 5 -AGTCGATCAGATGAACCACACTCTC-3 for Socs2; and 5 -GGACCCCACGAAGTGTTGG-3 and 5 -CTG-GCGATGTCAATAGGACTCCAG-3 for HPRT. The relative expression levels of the downstream target genes were quantified by normalizing against endogenous HPRT using the C T method.
RESULTS
TFG-TEC can self-associate in vivo
The chimaeric TFG-TEC protein comprises 900 amino acids, which form seven major functional domains ( Figure 1A ). Three functionally important domains, the PB1 domain (residues 10-91), a CC domain (residues 97-124) and a SPYGQ-rich domain (residues 125-273) are located at the N-terminus of the TFG-TEC fusion protein. The C-terminal portion of TFG-TEC contains an AF1 transactivation domain (residues 275-562), a DBD (residues 563-655), a LBD (residues 656-885) and the AF2 transactivation domain (residues 886-900).
As shown in Figure 1 (A), several functionally important domains, which are required for transcriptional modulation or protein-protein interactions, are present in the TFG-TEC protein; however, it is not clear whether TFG-TEC can self-associate. To determine whether the TFG-TEC protein could self-associate in vivo, we transfected HEK-293T cells with an expression vector that drives the synthesis of TFG-TEC and then performed coaffinity precipitation assays ( Figure 1B ). The HEK-293T cell line was chosen because TFG-TEC-positive human EMC cell lines, or their equivalents, were unavailable. HEK-293T cells were co-transfected with mammalian expression vectors containing TFG-TEC fused to GST (pEF-BOS/GST-TFG-TEC), the GST domain alone (pEF-BOS/GST) or pcDNA4-HisMaxA/TFG-TEC (which generated an N-terminal His 6 -tagged and Xpress epitopetagged TFG-TEC protein). The cells were harvested 48 h after transfection, were lysed and then incubated with glutathione beads. Immunoblotting of the eluates with the anti-Xpress antibody revealed that His 6 -TFG-TEC co-precipitated with To identify the domain(s) within TFG-TEC that are responsible for self-association, we performed in vitro pull-down assays using the GST-fusion TFG (NTD) and GST-fusion TEC proteins (Figure 2A ). The TFG (NTD) and TEC fragments of TFG-TEC were generated by PCR and fused in-frame to the GST domain. These GST-fusion proteins were then expressed individually in E. coli, purified, and coupled to glutathione-Sepharose beads. After incubation with recombinant His 6 and Xpress epitopetagged TFG-TEC proteins followed by extensive washing, we found that the TFG-TEC protein specifically associated with the GST fusions containing either the TFG (NTD) or TEC domains (Figure 2A ; top panel, lanes 3 and 4). By contrast, there was no interaction between TFG-TEC and GST alone (Figure 2A ; top panel, lane 2). These results suggest that TFG-TEC contains at least two sites [TFG (NTD) and the TEC domain] that can self-associate independently with TFG-TEC.
On the basis of these results, it was necessary to elucidate which fragment of TFG-TEC [TFG (NTD) or TEC] was involved in the interactions with TFG (NTD) and TEC. To investigate this, we expressed recombinant TFG (NTD) as a His 6 -containing fusion protein in E. coli, and purified it using a Ni-NTA (Ni 2 + -nitrilotriacetate)-agarose resin. A GST pull-down assay was then performed using recombinant His 6 -TFG (NTD) with GST or the GST-TFG (NTD) or GST-TEC fusions. As shown in Figure 2 (A, middle panel), His 6 -TFG (NTD) interacted with GST-TFG (NTD), but not with GST-TEC or GST alone, indicating that TFG (NTD) interacts with TFG fragment of the TFG-TEC fusion and not with the TEC fragment.
To identify the domains(s) within TFG-TEC that are responsible for the interaction with TEC, further GST pull-down assays were performed using the His 6 -TEC protein. As shown in Figure 2 (A, bottom panel), the GST-fusion protein containing the TEC fragment of the TFG-TEC fusion was able to bind the His 6 -TEC protein. However, the GST-fusion with TFG (NTD) failed to bind His 6 -TEC (Figure 2A ; bottom panel, lane 3). These results suggest that the self-association of TFG-TEC can be mediated either through the TFG (NTD) fragment or the TEC fragment of TFG-TEC. Aliquots of the GST-fusion proteins used in this assay were fractionated on SDS/PAGE (12 % gels) and visualized by Coomassie Blue staining to confirm that similar amounts of protein had been used in each pull-down assay ( Figure 2B) .
To identify the domain(s) within TFG (NTD) that are required for self-association, we performed in vitro GST pull-down assays using a series of TFG (NTD) deletion mutants. The structures of the mutants are shown schematically in Figure 3 (A). Figure 3 (B) shows that TFG (NTD) strongly bound to GST-CC ( Figure 3B ; top panel, lane 4); however, the GST-fusions with PB1 ( Figure 3B ; top panel, lane 3) and SPYGQ ( Figure 3B ; top panel, lane 5) and GST alone ( Figure 3B ; top panel, lane 2) failed to bind, indicating that residues 97-124 of TFG-TEC are necessary and sufficient for the interaction with TFG (NTD). Aliquots of the GST-fusion proteins used in this assay were separated on SDS/PAGE (12 % gels) and visualized by Coomassie Blue staining to confirm that similar amounts of protein were used in each pull-down assay ( Figure 3B ; bottom panel).
We next identified the domain(s) within TEC that are required for self-association using in vitro GST pull-down assays and a set of TEC deletion mutants: GST-AF1, GST-DBD, GST-LBD and GST-AF2. The structures of the mutants are shown schematically in Figure 3 (A). Figure 3(C) shows that His 6 -tagged TEC bound strongly to GST-AF1 ( Figure 3C ; top panel, lane 3) and GST-DBD ( Figure 3C ; top panel, lane 4); however, the GST fusions with LBD ( Figure 3C ; top panel, lane 5) and AF2 ( Figure 3C top panel, lane 6), and GST alone ( Figure 3C ; top panel, lane 2), failed to bind. This indicates that the AF1 or DBD domains of TFG-TEC are necessary and sufficient for the interaction with TEC. Aliquots of the GST-fusion proteins used in this assay were separated on SDS/PAGE (12 % gels) and visualized by Coomassie Blue staining to confirm that similar amounts of protein were used in each pull-down assay ( Figure 3C ; bottom panel). Overall, these results suggest that TFG-TEC contains at least three domains (CC, AF1 and DBD), which can self-associate independently with TFG-TEC.
The NLS mutant TFG-TEC (AAAA) protein associates with wild-type TFG-TEC in vivo
We previously reported that the KRRR sequence within the DBD targets the TFG-TEC oncoprotein to the nucleus [19] . To determine whether the NLS mutant TFG-TEC (AAAA) protein interacts with TFG-TEC in vivo, we performed co-affinity precipitations using extracts of HEK-293T cells transfected with an expression vector containing the NLS mutant TFG-TEC (AAAA) protein ( Figure 4A ). Site-directed mutagenesis was used to generate amino acid changes aimed at affecting the nuclear localization of TFG-TEC. Specifically, mutations were introduced into the highly conserved basic amino sequence, K 612 RRR 615 , within the DBD (which is predicted to function as a NLS for TFG-TEC) [19] ; these amino acids were mutated to A 612 AAA 615 ( Figure 4A ). To investigate whether the TFG-TEC mutant protein [TFG-TEC (AAAA)] associated with wildtype TFG-TEC, we transiently transfected HEK-293T cells with expression vectors containing both proteins and then performed affinity precipitation assays. HEK-293T cells were co-transfected with pcDNA4-HisMaxA/TFG-TEC (AAAA) and pEF-BOS/GST-TFG-TEC or pEF-BOS/GST. The cells were lysed 48 h after transfection and the GST-TFG-TEC fusion protein was affinity-precipitated with glutathione-Sepharose beads. Immunoblotting was then performed using the anti-Xpress antibody to detect the NLS mutant The data in Figure 3 (C) indicate that the DBD of TFG-TEC is capable of forming a heterodimer with TEC. To determine whether the NLS mutant form of TFG-TEC (DBD) was able to associate with wild-type TFG-TEC, GST pull-down assays were performed using the His 6 -TFG-TEC protein. As shown in Figure 4 (B) (top panel), the His 6 -TFG-TEC protein interacted with both GST-DBD (AAAA) and GST-DBD, but not with GST alone. This indicates that the binding properties of the mutant DBD (AAAA) resemble those of the wild-type DBD within TFG-TEC. Aliquots of the GST-fusion proteins used in this assay were separated on SDS/PAGE (15 % gels) and visualized by Coomassie Blue staining to confirm that similar amounts of protein were used in the pull-down assays ( Figure 4B ; bottom panel).
The NLS mutant TFG-TEC (AAAA) protein traps wild-type TFG-TEC in the cytoplasm
Heterodimerization of wild-type TFG-TEC and the NLS mutant TFG-TEC proteins suggests that the NLS mutant [TFG-TEC (AAAA)] may affect the subcellular distribution of wild-type TFG-TEC protein. To investigate this, we co-transfected HEK-293T cells with mammalian expression vectors for EGFP-fused TFG-TEC (EGFP-TFG-TEC) and mCherry-fused NLS mutant TFG-TEC [mCherry-TFG-TEC (AAAA)]. In control HEK-293T cells not expressing the NLS mutant TFG-TEC (AAAA) protein, the EGFP-fused TFG-TEC protein was exclusively localized to the nucleus ( Figure 5A , panels a-d). As expected, the NLS mutant TFG-TEC (AAAA) protein was localized to the cytoplasm in control HEK-293T cells ( Figure 5A , panels e-h). Interestingly, Figure 5(A) (panels i-l) shows that, when EGFP-TFG-TEC was co-expressed with the NLS mutant mCherry-TFG-TEC (AAAA), the wild-type TFG-TEC protein was expressed in both the cytoplasm and nucleus ( Figure 5A , panel k, asterisks); however, wild-type TFG-TEC protein localized to the nucleus in cells not expressing the NLS mutant TFG-TEC (AAAA) ( Figure 5A, panel k, arrowheads) , suggesting that wild-type TFG-TEC was trapped in the cytoplasm by the NLS mutant TFG-TEC (AAAA) protein. Similar results were obtained in human C28/I2 chondrocyte cells. As shown in Figure 5 (B), co-expression of the NLS mutant TFG-TEC (AAAA) protein trapped the wild-type TFG-TEC in the cytoplasm. Therefore we conclude that a proportion of wild-type TFG-TEC is retained within the cytoplasm upon co-expression of the NLS mutant TFG-TEC (AAAA) protein.
The NLS mutant TFG-TEC (AAAA) protein modulates TFG-TEC-dependent transactivation
To assess the consequences of heterodimerization between TFG-TEC and the NLS mutant TFG-TEC (AAAA) protein, we measured the effect of NLS mutant TFG-TEC (AAAA) protein expression on the levels of transcriptional activation mediated by wild-type TFG-TEC in HEK-293T cells. This was done by examining the expression of a luciferase-based reporter plasmid that was transfected into the cells along with pcDNA4-HisMaxB/TFG-TEC, either with or without co-transfection of pCMV-Tag2A/TFG-TEC (AAAA). The structures of the reporter plasmid and the expression vectors are shown in Figure 6(A) . The introduction of TFG-TEC into HEK-293T cells activated transcription (up to ∼ 260-fold) of the p(B1a) 8 -Luc, a reporter plasmid containing the TATA minimal promoter sequence and eight NBREs (nerve growth factor IB-response elements) [23] , which drive the synthesis of Renilla luciferase ( Figure 6B ; top panel, bar 2). Interestingly, co-expression of the NLS mutant TFG-TEC (AAAA) protein inhibited wild-type TFG-TEC-mediated transactivation in a dose-dependent manner ( Figure 6B ; top panel, bars 3-6). These results indicate that the NLS mutant TFG-TEC (AAAA) protein inhibits TFG-TEC-mediated transactivation in HEK-293T cells. To control for cell-line-specific effects, we performed the same experiment in human C28/I2 chondrocytes and obtained similar results ( Figure 6C, top panel) . Therefore, we conclude that the NLS mutant TFG-TEC (AAAA) protein functions in a dominant-negative manner. Western blot analysis of cell extracts from transfected cells demonstrated modulation of TFG-TEC-dependent transactivation by the NLS mutant TFG-TEC (AAAA) was not due to differences in the amounts of TFG-TEC proteins ( Figures 6B and 6C, second panels) . In addition, Western blot analysis showed that higher amounts of the NLS mutant TFG-TEC (AAAA) protein were synthesized in response to increasing amounts of the transfected plasmids ( Figures 6B  and 6C, third panels) . The EGFP plasmid served as an internal control for monitoring transfection efficiency ( Figures 6B and  6C, bottom panels) .
Next, to investigate whether ectopic co-expression of the NLS mutant TFG-TEC (AAAA) and wild-type TFG-TEC modulates the expression of endogenous downstream target genes for TFG-TEC in vivo, we transiently transfected HEK-293T cells with the TFG-TEC-EGFP and TFG-TEC (AAAA)-mCherry constructs. Consistent with previous reports [19, 24] , the expression of Stat3, Eno3 and Socs2 was up-regulated in HEK-293T cells transfected with TFG-TEC-EGFP ( Figure 7A ; lane 2). However, when the NLS mutant TFG-TEC (AAAA)-mCherry protein was coexpressed with wild-type TFG-TEC, the expression of Stat3, Eno3 and Socs2 was clearly down-regulated ( Figure 7A ; lane 3). HEK-293T cells expressing EGFP and mCherry were used as a control ( Figure 7A; lane 1) . Expression of the Stat3, Eno3 and Socs2 genes was unaffected in HEK-293T cells transfected with the EGFP and/or mCherry vector alone (results not shown). Similar results were obtained in human C28/I2 chondrocyte cells ( Figure 7B ).
To examine further the characteristics of HEK-293T cells co-expressing TFG-TEC and the NLS mutant TFG-TEC (AAAA) protein, we examined the expression of the Stat3, Eno3 and Socs2 genes using quantitative real-time PCR. As shown in Figure 7 (C), expression of all three genes was up-regulated in HEK-293T cells expressing TFG-TEC-EGFP; however, these genes were down-regulated in HEK-293T cells co-expressing TFG-TEC-EGFP and TFG-TEC (AAAA)-mCherry. HEK-293T cells expressing EGFP and mCherry were used as a control. Expression of the Stat3, Eno3 and Socs2 genes was unaffected in HEK-293T cells transfected with the EGFP and/or mCherry vectors alone (results not shown). Similar results were obtained in human C28/I2 chondrocytes ( Figure 7D ). These results strongly suggest that the NLS mutant TFG-TEC (AAAA) HEK-293T or C28/I2 cells grown on coverslips were transfected with mammalian expression vectors encoding EGFP-tagged wild-type TFG-TEC (green) or mCherry-tagged NLS mutant TFG-TEC (AAAA) (red) proteins. Transiently transfected cells were fixed with an acetone/methanol mixture and the subcellular distribution of wild-type TFG-TEC or the NLS mutant TFG-TEC (AAAA) protein was examined under a confocal laser-scanning microscope (Leica TCS SPE). Cell nuclei were stained with DAPI. Merged images are also shown. Three independent experiments were performed, all of which gave similar results. See the text for more information. Magnification: ×400.
protein down-regulates TFG-TEC-mediated transactivation, and functions as a dominant-negative regulator of the wild-type TFG-TEC protein both in vitro and in vivo.
DISCUSSION
In the present study we present a comprehensive analysis of a TFG-TEC chimaeric molecule generated by a chromosomal translocation in human EMCs. Targeting TFG-TEC may lead to the development of novel therapeutic strategies for this aggressive cancer, therefore understanding the biochemical properties of TFG-TEC may help to identify the mechanisms underlying TFG-TEC-mediated malignancy. The present study shows that TFG-TEC self-associates both in vitro and in vivo, and that TFG-TEC-mediated transcriptional activation can be antagonized by an NLS mutant TFG-TEC (AAAA) protein. Taken together, this information suggests that the biological activity of the TFG-TEC chimaeric protein can be regulated by its dominant-negative form. The results reported in the present paper explore the functional regulation of the TFG-TEC oncoprotein.
The NLS mutant TFG-TEC (AAAA) protein effectively impaired the activity of wild-type TFG-TEC (Figures 6 and  7) , therefore it was necessary to examine the mechanisms underlying this inhibition. As the NLS mutant TFG-TEC (AAAA) protein is a cytoplasmic protein, it may inactivate the TFG-TEC oncoprotein by causing its mislocalization within the cell. Our initial approach involved characterizing the association between wild-type TFG-TEC and the NLS mutant TFG-TEC (AAAA) protein. To this end, we determined whether the NLS mutant TFG-TEC (AAAA) protein was able For all reactions, the total amount of transfected DNA was normalized against the amount of empty vectors. After 48 h, the cells were harvested and luciferase assays were performed. The means + − S.E.M. from representative duplicate experiments are presented. Statistical significance (P value) was determined with an unpaired t test. #P < 0.001 compared with vector control; *P < 0.01 compared with wild-type TFG-TEC alone (top panels). Extracts for luciferase assays were resolved by SDS/PAGE (8 % gels for top and middle panels, and 15 % gels for bottom panels), transferred on to a PVDF membrane, and immunoblotted with anti-Xpress (second panels), anti-FLAG (M2, Sigma-Aldrich; third panels) and anti-EGFP (bottom panels) antibodies. Three independent experiments were performed, all of which gave similar results. Ab, antibody; WB, Western blot.
to disrupt the nuclear localization of wild-type TFG-TEC, a characteristic required for TFG-TEC-mediated transcriptional transactivation. First, to examine the association between the wild-type and NLS mutant TFG-TECs, we performed affinity precipitation assays followed by Western blot analysis to detect the wild-type TFG-TEC and NLS mutant TFG-TEC (AAAA) proteins. Because transcriptional transactivation by TFG-TEC requires that TFG-TEC is localized to the nucleus [19] , we next examined whether the NLS mutant TFG-TEC (AAAA) protein altered the cellular localization of TFG-TEC in transfected HEK-293T and human C28/I2 chondrocytes. As expected, wild-type TFG-TEC localized predominantly to the nucleus in HEK-293T cells and human C28/I2 chondrocytes when expressed in the absence of the NLS mutant TFG-TEC (AAAA) protein. By contrast, the NLS mutant TFG-TEC (AAAA) protein remained predominantly in the cytoplasm when expressed in the absence of wild-type TFG-TEC ( Figure 5 ). When TFG-TEC and the NLS mutant TFG-TEC (AAAA) protein were co-expressed, the NLS mutant localized to the cytoplasm; surprisingly, however, wild-type TFG-TEC was present in both the nucleus and cytoplasm ( Figure 5 ). This suggests that the NLS mutant TFG-TEC (AAAA) protein was able to shift the . Statistical significance (P value) was determined with an unpaired t test. *P < 0.01 compared with vector control; **P < 0.01 compared with wild-type TFG-TEC alone. N.S., not significant. localization of the wild-type TFG-TEC from the nucleus to the cytoplasm. Thus the NLS mutant TFG-TEC (AAAA) protein appears to form a heterodimer with the wild-type protein to yield non-productive complexes. The net result is antagonism of wildtype TFG-TEC activity via a dominant-negative mechanism.
The mixed pattern of subcellular localization in Figure 5 suggests that the inhibitory effect of the NLS-mutant TFG-TEC (AAAA) was not complete. However, this mixed pattern of wild-type TFG-TEC localization, both in the cytoplasm and in the nucleus, is consistent with the predicted association properties of these proteins. When the NLS-mutant TFG-TEC (AAAA) was co-expressed with wild-type TFG-TEC in the same cell, a time-dependent association between these two proteins occurs in vivo. As shown in Figures 1 and 4 , the wild-type TFG-TEC protein associated with either TFG-TEC (AAAA) or TFG-TEC protein. Consequently, three protein complexes, i.e. wild-type homodimers, wild-type-mutant heterodimers and mutant homodimers, would be expected to exist in these cells. Among these complexes, heterodimerization of the NLS-mutant TFG-TEC with wild-type TFG-TEC would have resulted in trapping of the wild-type TFG-TEC protein in the cytoplasm ( Figure 5) ; however, homodimerization of wild-type TFG-TEC proteins would not have affected their nuclear localization. For this reason, it seems reasonable to speculate that the mixed pattern of subcellular localization was not due to the incomplete inhibitory effect of the NLS-mutant TFG-TEC in vivo, but rather to the dimerization properties of these proteins. In addition, it would be interesting to investigate the thermodynamics and kinetic properties of the association between the wild-type TFG-TEC and the NLS-mutant TFG-TEC for the development of a therapy against aggressive EMCs.
The N-terminal fragment of the TFG polypeptide shows strong similarities to the N-terminal fragments of the EWS, TLS (translated in liposarcoma) and hTAF II 68 proteins [8, 11] . The EWS, TLS and hTAF II 68 genes, which were originally identified as the N-terminal portions of translocation-generated fusion genes in human cancers, encode a putative RNA-binding domain and three glycine-, arginine-and proline-rich motifs [25] . In contrast with that of EWS-, TLS-and hTAF II 68-fusion proteins, the regulation of TFG-TEC remains poorly understood. During the course of the present study, we noticed that the TFG-TEC chimaeric protein could self-associate. Therefore, our initial experiments used GST pull-down and in vivo affinity precipitation assays to study the potential of TFG-TEC to form homodimers. Interestingly, we found that three independent domains, CC, AF1 and DBD, were involved in the self-association of TFG-TEC (Figure 3) . Because the biological functions of some cellular proteins are regulated by their ability to self-associate, it would be interesting to examine whether these independent interacting domains are also important for TFG-TEC function.
In a previous study, we showed that TFG-TEC is a nuclear protein that binds DNA with a sequence specificity identical to that of the parental TEC protein [19] . Therefore we investigated the molecular mechanism underlying TFG-TEC-mediated tumorigenesis in human EMCs. We found that TFG-TEC shows increased transcriptional activation potential, although it contains the complete amino acid sequence for TEC. This indicates that the N-terminal portion of TFG-TEC may provide additional transactivation properties. Consistent with this, the TFG (NTD) region functioned as a transcription activation domain when coupled to a GAL4 DBD. TFG (NTD) also selfassociates ( Figure 2 ) and the CC domain within TFG (NTD) is required for this ( Figure 3) ; therefore, it would be interesting to examine whether CC domain-mediated TFG (NTD) selfassociation is important for its transactivation properties.
In summary, the present study identified a novel NLS mutant of TFG-TEC and demonstrated how it regulates the cellular localization and transcriptional activity of wild-type TFG-TEC. Although we previously reported that: (i) TFG-TEC is a nuclear protein that binds DNA with a sequence specificity identical to that of the parental TEC protein; (ii) the fusion gene encodes a transactivator that is more potent than TEC; and (iii) the functions of TFG-TEC may be necessary for tumorigenesis in human EMCs [19] , the functional regulation of this protein is still unknown. Therefore understanding the mechanisms that regulate TFG-TEC may lead to the development of novel therapeutic strategies and targets for the treatment of aggressive EMCs harbouring characteristic t(3;9) translocation.
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